In studies on the chemical basis of frost resistance in plants Siminovitch et al (25, 26) observed pronounced seasonal changes in the absolute and relative concentrations of starch and sucrose in the living bark of the black locust tree. Their data suggested that these reserve carbohydrates are interconverted by a reversible process which is dependent on temperature and season. Low temperatures appeared to favor conversion of starch to sucrose while high temperatures favored the reverse process. The in vitro conversion of starch to sucrose observed in maple sap, by Bois and Nadeau (7, 8) was, like the in vivo process, favored by low temperatures. The conversion of sucrose to starch in plants is not as well known as the conversion of starch to sucrose. It is usually assumed that the synthesis of starch is catalyzed by phosphorylase. However, recent demonstrations of the enzymatic synthesis of starch and related polysaccharides from disaccharides without intermediate phosphorylations (3, 11, 12, 18, 19, 20, 21, 22, 23, 24, 28) suggest that the phosphorylase reaction may not always be involved in the synthesis of starch in plants. It is the purpose of this paper to discuss some possible mechanisms for starch-sucrose interconversions and to present the results of certain experiments which may have a bearing on the mechanism in the living bark tissue of the black locust tree.
In studies on the chemical basis of frost resistance in plants Siminovitch et al (25, 26) observed pronounced seasonal changes in the absolute and relative concentrations of starch and sucrose in the living bark of the black locust tree. Their data suggested that these reserve carbohydrates are interconverted by a reversible process which is dependent on temperature and season. Low temperatures appeared to favor conversion of starch to sucrose while high temperatures favored the reverse process. The in vitro conversion of starch to sucrose observed in maple sap, by Bois and Nadeau (7, 8) was, like the in vivo process, favored by low temperatures. The conversion of sucrose to starch in plants is not as well known as the conversion of starch to sucrose. It is usually assumed that the synthesis of starch is catalyzed by phosphorylase. However, recent demonstrations of the enzymatic synthesis of starch and related polysaccharides from disaccharides without intermediate phosphorylations (3, 11, 12, 18, 19, 20, 21, 22, 23, 24, 28) suggest that the phosphorylase reaction may not always be involved in the synthesis of starch in plants. It is the purpose of this paper to discuss some possible mechanisms for starch-sucrose interconversions and to present the results of certain experiments which may have a bearing on the mechanism in the living bark tissue of the black locust tree.
The known enzymatic processes which may be involved in starch-sucrose interconversions are summarized in figure 1. The obvious possible route for the conversion of starch to sucrose involves phosphorolytic degradation of starch to glucose-l-phosphate (G-1-P) as catalyzed by phosphorylase (reaction A), followed by combination of G-1-P with fructose to form sucrose as catalyzed by sucrose 1 Received August 24, 1953 . 2The authors are indebted to the Herman Frasch Foundation for Chemical Research for a grant in support of studies on the problem of winter hardiness in plants. The present paper is a report on part of this research. 3 phosphorylase (reaction B) (10, 16, 17) . The required fructose molecule could be produced from a second molecule of G-1-P by way of glucose-6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P) as intermediates. These reactions very probably do not represent the actual route of the conversion of starch to sucrose because the occurrence of sucrose plhosphorylase in higher plants has not been established. Furthermore, Hassid and Doudoroff (16) A more plausible mechanism for the formation of sucrose is suggested by the work of Calvin and Benson (9) . They observed that during the photosynthetic assimilation of radioactive carbon dioxide by algae, the hexose phosphates became radioactive before sucrose, and sucrose became radioactive before glucose or fructose. This indicated that the immediate precursors to sucrose were two hexose phosphates. Calvin and Benson specifically suggested fructose-6-phosphate (F-6-P) and G-1-P. The F-6-P ( 
21) (reaction E).
The equilibrium points of the levansucrase, dextransucrase, and amylosucrase reactions strongly favor the production of polysaccharide. This is caused by the higher energy of the glycosidic linkage of sucrose as compared to that of the polysaccharides, and possibly by the relatively low concentration of terminal glycosidic linkages in the polysaccharides. The high energy of the sucrose linkage may be due in part to the furanose configuration of the fructose moiety. In the case of the levansucrase reaction, the furanose configuration of fructose is retained in the polysaccharide and detection of the reverse reaction has been reported (12) .
Transglycosidases which catalyze reactions involving carbohydrates other than sucrose have also been found. MIonod and Toriani (23, 27) and Doudoroff and co-workers (11) found an amylomaltase in cultures of Escherichia coli. This enzyme catalyzes the reversible interconversion of maltose and starch (reaction F).
The reversibility of this reaction is not surprising because both reactants have the same glycosidic linkage. The conversion of amylose to amylopectin by the Q-enzyme (4, 5) (reaction G) and the conversion of dextrins to dextran by dextrandextrinase (20) (reaction H) are transglycosidase reactions as they involve the production of 1,6-glycosidic linkages at the expense of 1,4-glycosidic linkages. The equilibrium points of both reactions appear to favor the 1,6-linkages, indicating that these have a lower energy content than the 1,4-linkages.
Most of these enzyme systems have been found only in bacteria. Only the starch phosphorylase, the Q-enzyme, and the amylases have yet been found in higher plants. Since all of the reactions of sucrose listed here favor the destruction of sucrose it is evident that the conversion of starch to sucrose cannot be satisfactorily explained on the basis of these reactions. Whether conversion of sucrose to starch proceeds via phosphorylation or by direct conversion, only the glucose moiety appears in the polysaccharide. Both processes would be expected to cause an accumulation of fructose. Siminovitch et al (26) did not observe a significant accumulation of fructose associated with the production of starch in locust bark tissue. Thus, if either process is involved in the conversion of the black locust tree, the fructose must be rapidly metabolized or converted to polysaccharide by a different route.
The detection of a phosphorylase system in the living bark of the black locust tree and a study of some of the properties of this enzyme system were described in an earlier paper (13) . The possibility that phosphorylase and glucose-i-phosphate may be involved in the production of starch can be tested by determining whether or not the ratio of inorganic phosphate to glucose-i-phosphate in the tissue at the time of starch synthesis is favorable to such synthesis by phosphorylase. The equilibrium point of the reaction catalyzed by the locust tree phosphorylase (reaction A) is, as in the case of other phosphorylases, independent of the concentration of polysaccharide (13, 14, 15 The two compounds may not diffuse with equal ease between the extracellular and intracellular fluids, or the protoplasm may have a mechanism for maintaining local concentrations of glucose-i-phosphate. Phosphorylase has been detected in many plant tissues (29, 30) by infiltrating the starch-free tissues with solutions of glucose-i-phosphate and subsequently testing for starch. This consists, in effect, of artificially changing the ratio of inorganic phosphate to glucose-i-phosphate within the cells and is dependent on diffusion of glucose-i-phosphate into them. If inorganic phosphate diffuse into the cells as readily as glucose-i-phosphate, it would be expected that infiltration with a solution of the two compounds in equilibrium proportions would not cause starch accumulation. If, however, the cells are capable of preferentially excluding inorganic phosphate or of concentrating glucose-i-phosphate, such a mixture could stimulate starch synthesis and the observed relative concentrations of these materials in the total tissue would not be significant.
To test the possible role that phosphorylase might play in the starch-sucrose fluctuations which occur in the living bark tissue of the black locust tree, samples were analyzed and the ratios of inorganic phosphate to glucose-l-phosphate were determined at various times during the year or under circumstances wshere starch accumulation or starch disappearance in the tissues was known to be taking place. Studies on the effects of varying the ratios of the concentrations of inorganic phosphate to glucose-i-phosphate artificially by the infiltration technique were made in certain cases in order to determine whether selective l)ermeability might constitute a modifying circumstance in the evaluation of the significance of these analyses.
A marked increase in the starch content of the bark tissue of normal locust trees occurs during May or with the onset of warm spring weather (26) . This quickly reaches a maximum which in the 1950 season occurred in the last week of May, followed by a rapid disappearance of starch to a spring minimum by mid-June. The starch content remains low throughout July, followed by a slow increase during August, September, and October. With the onset of cold weather in late October and during November, starch disappears again. If logs are taken from normal trees in late May, when the spring maximum of starch content is observed, and are stored at a low temperature (30 C), the starch disappears and a concomitant and equivalent amount of sucrose appears. Analyses obtained on samples from normal trees at various times during the year or from logs stored under abnormal temperature conditions thus furnish ample opportunity to determine the possible role of phosphorylase in starch synthesis or disappearance in the tissue. EXPERIMENTAL MATERIALS: Tissue samples weighing approximately 1.0 gm were removed from the living bark of black locust trees by a technique similar to that described by Siminovitch, Wilson and Briggs (26) . Samples were obtained from a tree, B, at various times throughout the 1950 season from early May to mid-October. In addition, two neighboring trees, A and C, were felled May 1 and May 22 respectively, and were sampled at the time of cutting. Logs from these trees were stored at 3°C and sampled again July 5 and June 28, respectively. Tests for starch with iodine-potassium iodide reagent made when the samples were taken indicated qualitatively the changes which were taking place in the content of starch. These changes were more quantitatively indicated, however, by analyses which were made on tissue from neighboring trees at the same time (26) .
TISSUE EXTRACTS: Distilled water extracts of the tissue samples were used in the analyses for phosphorus compounds. This was necessary because extracts obtained with trichloracetic acid solutions invariably became cloudy when later mixed with ammonium molybdate. All equipment used in the extraction procedure was previously chilled at -15°C, and the extractions were carried out in a cold room at approximately 3°C. The tissue samples were frozen by placing them on a block of dry ice for 1/2 hour. They were then macerated vigorously in a mortar with 10 ml of cold (0.0 to 3.00 C) distilled water, and the liquid was transferred to a small centrifuge tube and centrifuged. The supernatant liquid was decanted into a 50-ml volumetric flask. The residue in the mortar was triturated with 3 additional portions of 7 to 8 ml of the cold distilled water. Each extract was then mixed in succession with the accumulated residue in the centrifuge tube and centrifuged separately. The combined extracts in the 50-ml volumetric flask were mixed with 15 ml of cold 16 % (by weight) trichloracetic acid and diluted to volume with cold distilled water. The precipitate was separated by centrifugation and the supernatant used in the analyses for inorganic phosphate and for inorganic plus 7-minute acid-hydrolyzable phosphate. This extraction procedure gave satisfactory recovery of inorganic phosphate added to tissue .samples in a mortar prior to the maceration treatment.
Aliquots to be analyzed for inorganic phosphate were immediately neutralized to pH 4.0 with 1 N sodium acetate to minimize the danger of hydrolysis of the labile phosphate esters. They were then placed in a boiling water bath for 7 minutes, cooled, diluted to 25 ml, and centrifuged. Aliquots to be analyzed for the sum of inorganic plus acid-hydrolyzable phosphate were heated in boiling water for 7 minutes prior to the addition of sodium acetate. They were then cooled, mixed with the same volume of sodium acetate as that used for the previous samples, diluted to 25 ml, and centrifuged. Because of evaporation and destruction of trichloracetate during the heating, the pH of samples exceeded 4.0 at this stage.
ANALYTICAL PROCEDURES: The 7-minute acid- (13) . Procedure II was based on the isobutyl alcohol extraction procedures of Berenblum and Chain (6) and Allen (1) modified to avoid errors caused by the turbidity which sometimes developed in the aqueous solutions. Aliquots of 5 to 10 ml from the supernatant fluid of neutralized extracts were transferred to glass-stoppered separatory funnels. Each was mixed with sufficient 10 % trichloracetic acid to readjust the pH to 4.0, then with 5 ml of 0.1 Mi acetate buffer, pH 4.0, 2.5 ml of 1 % ascorbic acid in acetate buffer, and 2 ml of 2.5 % ammonium molybdate. The color was allowed to develop for 10 minutes and then 10 ml of isobutyl alcohol followed by 1 ml of 0.35M oxalate (0.35 M oxalic acid neutralized to pH 4.0 with 0.35 M dipotassium oxalate) were added. The funnel was swirled to assure thorough mixing of the oxalate. Then 3 ml of 10 N sulfuric acid were added and the funnel was inverted several times. The alcohol layer, containing most of the molybdenum blue, was separated and the aqueous phase was re-extracted with 5 ml of isobutyl alcohol. The two extracts were combined in a 25-ml volumetric flask to which 0. The lowest ratio of inorganic to acid labile phosphate (glucose-l-phosphate) obtained in these analyses was 9.3. Since the equilibrium ratios vary from 3.1 to pH 7.0 to 9.0 at pH 5.5 (13, 14) and the pH of the tissue was never less than 6.0, these results indicate that the conditions were unfavorable for the production of starch by a phosphorylase mechanism in all of the tissues analyzed. However, they strongly suggest that phosphorolysis might be in- 
